Recalcitrant organic matter (ROM) in combined kraft mill effluents is that organic matter remaining in the effluents after primary and secondary treatment. Recalcitrant organic matter comprises of both high molecular weight (HMW) and low molecular weight (LMW) components and is of interest, since environmental regulators are considering placing limits on final effluent COD and colour. Biologically treated pulp mill effluent was fractionated by ultrafiltration to study the contributions of the high and low molecular weight recalcitrant organics towards final effluent COD and AOX. Batch biodegradation tests were carried out on lab-generated biotreated effluent from lab scale sequencing batch reactors operating at 35, 45, 55 and 60°C, to investigate if the residual recalcitrant fraction could be further degraded. Biodegradation tests involved the optimization of the microbiological medium by the addition of either an alternate carbon source (glucose) or a carbon-nitrogen substrate (yeast extract). Treatment temperatures and nutrient levels were varied and the effect of each of these four factors on the biodegradability of the recalcitrant fractions was studied. The recalcitrant portion was found to be resistant to further biodegradation, even under optimized microbiological conditions. The HMW fraction of the ROM obtained from final biotreated effluent from a bleached kraft pulp mill (HMW ROMMill) was studied for its ability to bind other organic model pollutants in an aqueous environment. Pentachlorophenol (PCP) was tested for its binding onto the HMW ROMMill, using toxicity as a surrogate parameter for binding, in the Microtox ™ test. Equilibrium dialysis studies were carried out to investigate the ability of HMW ROMMill to bind 14 C-Benzopyrene (BaP) and 3 H-dehydroabietic acid (DHA). Microtox ™ studies failed to indicate the binding of PCP onto HMW ROMMill. BaP and DHA however did bind onto HMW ROMMill. BaP binding onto HMW ROMMill was higher than DHA binding, possibly due to its hydrophobicity. Also, increasing the dissolved organic carbon concentration of HMW ROMMill led to a decrease in the partition coefficient values for both BaP and DHA.
Introduction
The pulp and paper industry is the third largest consumer of freshwater (Kallas and Munter 1994) and one of the largest generators of waste effluent. Pulp mill effluents are characterized by the presence of significant quantities of residuals and by-products generated during the pulping and bleaching processes. In combination with in-mill process changes, biological treatment is effective in reducing the levels of effluent quality parameters such as BOD (biochemical oxygen demand), TSS (total suspended solids), AOX (adsorbable organic halogens) and toxicity to current regulatory standards. However, biologically treated effluents are always characterized by a certain amount of residual recalcitrant material that remains persistent under specific treatment conditions. Compounds are recalcitrant due to either the compound's structure, which makes the compound resistant to biological attack or functional limitations of the existing microorganisms or limitations due to the environment in which the microorganisms grow and operate (Wise 1988) .
It is widely reported in literature that the residual recalcitrant portion is composed of a predominantly high molecular weight (HMW) component, that is not metabolized due to its size (Boman and Frostell 1988) . However, there are conflicting reports on the relative contributions of the high and low molecular weight fractions in biotreated effluents. Jokela and Salkinoja-Salonen (1992) , investigating the molecular weight distribution of organic halogens in BKME (bleached kraft mill effluent), reported 85 to 95% of the organic halogen compounds to be low molecular weight (<1000 Da). Further studies by the same group (Jokela et al. 1993) indicated low molecular weight components to constitute almost 90% of the chlorinated organics in untreated effluent and 87% of the chlorinated organics in biotreated effluents. Schiegl et al. (1996) considered the recalcitrant material to be largely high molecular weight and selected spruce lignin to be representative of the high molecular weight recalcitrant portion in treated effluents. Other studies of the recalcitrant portion have pointed towards a structure which was low in aromatic content, in contrast to lignin-based matter (Dahlman et al. 1993) , though they also support the high molecular weight nature of this recalcitrant portion. According to Dahlman et al. (1993) , the HMW portion was composed mainly of aliphatic structural elements rich in carboxylic acid groups, olefinic structures, and saturated aliphatic structures. Most of the oligoand polysaccharides (carbohydrates) were substantially decreased upon secondary treatment. Studies using 13 C NMR spectroscopy indicated no major changes in the chemical structure of the HMW compounds upon secondary treatment. It was also suggested from this investigation that the chlorine dioxide bleaching of oxygen-delignified softwood kraft pulps resulted in high molecular weight materials containing chlorinated aromatic structural elements similar to those found in naturally occurring humic material. The low molecular weight (LMW) portion of the treated effluent was analyzed for chlorinated phenolic compounds and chlorinated resin acids, and results indicated high removals of these constituents during biological treatment. Also, there was a large reduction in levels of sterols upon secondary biological treatment.
The recalcitrant nature of the HMW compounds present in pulp mill effluents was demonstrated by , who used 14 C-labeled chlorolignins and observed as little as 4% degradation by bacteria isolated from aerated lagoons. These recalcitrant HMW compounds in the effluent are also the principal source of mill AOX, colour and COD emissions (Kringstad and Lindstrom 1984) . Though the LMW compounds (<1000 Da) are often considered more important from an environmental point of view owing to their acutely toxic nature towards aquatic organisms, the HMW compounds are also being looked at for environmental regulation.
Recalcitrant organic matter (ROM), which is presumed by some to be partly responsible for long-term sublethal toxicity in receiving waters (Federal Register 1996) , is sometimes represented in terms of a lumped parameter, the COD (chemical oxygen demand). Studies cited in the Federal Register (1996) seem to indicate that a reduction in wastewater COD leads to an associated decrease in this chronic toxicity. Folke (1995) reported a correlation between the COD levels of biologically treated kraft mill effluent and chronic toxicity in the effluent. These results were based on measurements of effluent (a mix of treated and untreated) from 14 kraft mills. Also, for whole mill effluents prior to biological treatment, Araki et al. (1997) reported that the effluent biological effect, defined as a product of effluent total toxicity units (TU) and the effluent quantity (m 3 /tonne pulp), was not related to the AOX, EOX, chlorinated phenols or chlorates in the effluent, but to the COD and BOD values. The COD of treated effluent is representative of the effectiveness of a treatment technique in its ability to remove the total organic material present in the influent. BOD measurements by themselves do not quantify the nonbiodegradable or slowly biodegradable organic portion of the effluent. Also, certain studies seem to indicate the residual colour in pulp mill effluents to be linked to the recalcitrant COD. Kemeny and Banerjee (1997) observed a correlation between the end-of-pipe COD and colour, thereby suggesting that the residual colour might be related to the organic component that is not removed during treatment. Archibald et al. (1998) have however questioned the validity of regulating final effluent COD based on the available information. Based on their analysis of the available literature, many of the studies have limitations and fail to demonstrate a valid correlation between the COD levels in biologically treated effluent and effluent chronic toxicity. Due to the controversy over the validity of a bulk parameter like the COD, further work is required since the USEPA has targeted effluent COD as one of the parameters to be closely monitored over the next few years, with an intention to introduce possible regulatory limits under Phase II of the Cluster Rule (Vice et al. 1997) .
As a result of this debate over the role played by final effluent COD, any studies aimed at a further understanding of the nature and treatability of the residual recalcitrant portion and its effect on the bioavailability of other effluent constituents, would be of benefit to both the pulp and paper industry as well as regulatory agencies. Such studies would also lead to more information on issues such as the ultimate fate and transport of some of these effluent constituents in the aquatic environment. The contributors to COD in biotreated effluents are not only the non-biodegradable recalcitrant organic matter, but also a certain amount of degradable organic material, which has resisted biodegradation due to its existence in a state where it is not bioavailable. Hence, for a concerted effort at fulfilling the environmental and regulatory demands, it is important that a better level of understanding is achieved with respect to recalcitrants and their effect on overall effluent degradability.
The objectives of this study are: (i) to determine if the effluent recalcitrant portion is further degradable in an optimized microbiological medium and, (ii) to investigate the HMW recalcitrant portion for its ability to bind other degradable pollutants in the aqueous phase. The first objective was accomplished using effluent obtained from lab scale sequencing batch reactors (denoted as ROM Lab ). The second objective was accomplished using the high molecular weight fraction of biotreated effluent obtained from an operating kraft pulp mill (denoted as HMW ROM Mill ).
Experimental Optimized Biodegradation Studies

Effluent preparation
Biotreated effluent was obtained from four lab-scale sequencing batch reactors (SBRs) operated at 35, 45, 55 and 60°C respectively on wastewater from a hardwood-based ECF (elemental chlorine free) bleached kraft mill. Detailed description of the SBRs and their operation is described elsewhere (Tripathi and Allen 1999). The feed to the SBRs consisted of influent to the primary clarifier of the mill-treatment system. SBRs were chosen because they are an excellent model of a plug flow activated sludge reactor, require smaller volumes and are operationally easier to work with in a lab in comparison with continuous systems. Approximately 6000 litres of this effluent was shipped from the mill in a refrigerated truck within five days of collection, and the effluent frozen in the dark at -20°C upon arrival at the laboratory. There was a 20% loss of COD as a result of transportation and storage. The holding tanks and the tubings for the SBRs were cleaned regularly to avoid growth and accumulation of biofilm. Table 1 summarizes the operational details of the SBRs.
The SBRs were operated at stable conditions for more than 40 weeks, and biotreated effluent from these reactors was collected continuously for seven weeks for this particular study. The effluent from these reactors operating at different temperatures was pumped directly into separate containers that were maintained at 4°C, and subsequently frozen and stored at -20°C in batches of twenty litres. At the end of seven weeks, the effluents were allowed to thaw and mixed to get a composite sample that was representative of the average performance of each reactor over the seven-week collection period. The control reactor at 35°C represented the typical biotreatment temperature in a pulp mill, and the higher temperatures of 45, 55 and 60°C were chosen to simulate the operating temperatures in a bleached kraft pulp mill having limited effluent cooling or no effluent cooling prior to secondary biological treatment. The treatment system employed at the mill from where the influent was obtained is an activated sludge system; the performance of the lab scale system at 35°C was similar to that at the mill, producing an average effluent COD of about 70 mg/L, in comparison with an estimated mill average of 65 mg/L.
The untreated effluent from the mill (feed to the SBRs) and the composite samples of different biotreated effluents from the SBRs were then fractionated into high molecular weight (HMW) and low molecular weight (LMW) portions using ultrafiltration. One litre each of the untreated mill effluent and composite effluent samples from each of the four SBRs were initially filtered through a 0.45µm glass fibre filter to remove any macroscopic impurities such as fibre, grit and bioflocs. Two hundred and fifty millilitres of these filtered samples at each treatment temperature and untreated effluent were then fractionated into HMW and LMW portions by ultrafiltration. A 1000-Dalton molecular cut-off, Amicon Diaflo ultrafiltration membrane was used in an Amicon stirred ultrafiltration cell operated at 55 psig pressure using nitrogen (Model 8200, Amicon Inc., Mass., USA). Two hundred and fifty millilitres of the sample was concentrated to one tenth of its volume, with the filtrate being the <1000 Da LMW portion, and the retentate being the >1000 Da HMW portion. The retentate was diafiltered three times with 25 mL of deionized water each time. The LMW and HMW portions were stored in glass containers at 4°C prior to COD and AOX analysis, which was done within five days of ultrafiltration.
Chemical oxygen demand (COD) analysis was performed as per the closed reflux colorimetric method (Standard Methods 1992). Hach COD tubes (Hach Co., Loveland, USA) were used for refluxing the samples and absorbance measurements were done using a Spectronic 21™ Spectrophotometer (Bausch & Lomb, USA).
The AOX concentration was measured using a Total Organic Halogen Analyzer (Mitsubishi Chemical Industries Ltd., Model TOX -10, Tokyo, Japan). Details of AOX measurement methodology are given elsewhere (Odendahl et al. 1990 ). Effect of temperature Thermophilic sludge (55°C) which had been frozen and stored at -20°C was regenerated by allowing it to thaw and shaking it in a controlled environment incubator shaker (New Brunswick Scientific, New Jersey, USA) at 55°C for two days with pulp mill effluent as the feed. Mesophilic sludge (35°C) was similarly regenerated from a frozen condition by shaking it at 35°C. Mixed liquor samples containing the regenerated biomass were then filtered through a 1.25µm glass fibre filter, to recover the mesophilic and thermophilic biomass. A measured quantity of thermophilic biomass was then resuspended in mesophilic treated effluent and the effluent further shaken at 55°C, to study if additional thermophilic treatment had any effect on the recalcitrant portion (ROM Lab ) in mesophilic effluent. In a similar manner, the thermophilic effluents obtained at 45, 55 and 60°C were further treated at 35°C with a measured quantity of mesophilic biomass to observe if there was any change in the recalcitrant COD. The sludge samples were shaken for 60 hours, with an average biomass concentration of 1000 mg/L in each sample. After 60 hours, the sludge samples were filtered and the filtrates analyzed for residual soluble COD.
Effect of an easily degradable carbon substrate
The biomass used in these studies was filtered from the mesophilic (35°C) mixed liquor and washed with distilled water, saline buffer solution and distilled water to remove any adsorbed organics. The biomass concentration in the samples was adjusted to 1500 mg/L and batch studies were conducted in triplicate in 500-mL Erlenmeyer flasks. Glucose of 0.025% by weight was added and N and P were added from stock solutions of ammonium chloride and potassium dihydrogen phosphate to maintain nutrient concentrations at the required ratio of BOD:N:P = 100:5:1. Also, 2.5 mL of micronutrients were added to each batch from a x100 stock solution (NaCl, 90 g; KCl, 49 g; MgSO 4 .7H 2 O, 10 g; MnSO 4 .H 2 O, 2 g; FeSO 4 .7H 2 O, 2g; CoCl 2 , 0.2 g; ZnSO 4 .7H 2 O, 0.2 g; NiCl 2 , 0.2 g; CaCl 2 .2H 2 O, 6.6 g; Pyridoxine.HCl, 0.2 g; Riboflavin, 0.2 g; Thiamine.HCl, 0.2 g; Nicotiamide, 0.2 g; Ca-D-Pantothenate, 0.2 g; pAmino benzoic acid, 0.01 g; Folic acid, 0.005 g; Cyanocobalamine, 0.0005 g; all in 1 L deionized water). Similar batch studies were performed in parallel, but without additional N, P and micronutrients to observe the effect of glucose by itself. Additional batches were conducted in triplicate and in parallel, containing just the effluent and biomass with no glucose or supplementary nutrients, to act as biological controls accounting for endogenous decay. A non-biological control was also provided in parallel, containing just the effluent, to account for any physical-chemical changes in effluent COD with time. Each of the sample flasks were shaken in a controlled environment incubator shaker (New Brunswick Scientific, New Jersey, USA) at 35°C and 175 rpm with continuous air supply for a total of 48 hours with samples taken at 0, 1, 12, 24, 36 and 48 hours. The samples were collected through a filter syringe and stored at 4°C, before analysis for soluble COD.
Effect of a supplementary C-N substrate
Yeast extract solution was freshly prepared and supplemented to 250 mL of effluent containing the recalcitrant portion (ROM Lab ) at a level of 4% by weight along with N, P and micronutrients. The initial biomass concentration was adjusted to 1500 mg/L in each of the batches and the experiments were carried out in triplicate with suitable biological and non-biological controls as in the previous study. Soluble COD values of the effluent were measured at 0, 1, 12, 24, 36 and 48 hours.
Soluble COD due to microbial metabolism
Batch experiments were carried out in duplicate with 0.025% glucose and 1500 mg/L of biomass contained in 250 mL of dilution water containing N, P and micronutrients. Soluble COD measurements were taken at 0, 1, 12, 24, 36 and 48 hours, and the biomass concentration (MLVSS) was measured at each of these times to observe endogenous decay. MLVSS measurements were carried out as per Standard Methods (1992).
Binding Tests Effluent preparation
As outlined above, biodegradability tests were performed on ROM generated in well-controlled laboratory SBRs (ROM Lab ). It was not known as to what extent the characteristics of lab-generated recalcitrant organic matter were the same as that from an actual mill. Therefore, for the binding studies, recalcitrant organic matter from the final biotreated effluent of a pulp mill was used and denoted as ROM Mill . The HMW recalcitrant portion used for binding studies (HMW ROM Mill ) was obtained by ultrafiltering biotreated effluent from a bleached kraft mill, and the DOC (dissolved organic carbon) concentration was measured to be 1650 mg carbon/L.
The binding of effluent constituents onto HMW ROM Mill was tested using two different techniques. In the first technique, toxicity was used as a surrogate parameter for binding, and studies were conducted using a Microtox™ toxicity analyzer to both study binding and the impact of binding on toxicity. In the second technique, the model pollutants were radiolabeled and the migration of these pollutants across a dialysis membrane into HMW ROM Mill was studied by equilibrium dialysis tests.
Microtox™ toxicity testing
The effect of HMW ROM Mill on the toxicity of pentachlorophenol (PCP) and benzo[a]pyrene (BaP), was measured using a Microtox™ Model 500 autoanalyzer, with Microtox™ 6.0 software package. Different PCP samples at concentrations of 2, 5, 25 and 50 mg/L were tested for their toxicity (EC 50 ) in the presence and absence of an added HMW ROM Mill portion at a dissolved organic carbon concentration of 165 mg carbon/L. Benzo[a]pyrene (BaP) was then tested at a concentration of 20 mg/L in 20% methanol solution in the presence and absence of HMW ROM Mill . The HMW ROM Mill itself was tested for its toxicity at two different concentra-tions. The first concentration was the one at which it is normally found in biotreated effluent from the mill that was studied (165 mg carbon/L), and the second concentration was five times more (825 mg carbon/L).
While toxicity tests for HMW ROM Mill were carried out as per the "100% test" protocol, all other tests were carried out as per the "Basic Test" protocol in the Microtox™ manual, and the tests repeated at least thrice to check the consistency of the obtained results. Detailed methodologies are described in the Microtox™ operating manual.
Equilibrium dialysis studies
Equilibrium dialysis experiments were conducted with a pulp mill effluent constituent, dehydroabietic acid (DHA) and a model hydrophobic pollutant, benzo[a]pyrene (BaP). Experiments were conducted in 200 mL dark glass jars fitted with teflon-lined caps. 14 C-BaP (50 µCi, 26.6 mCi/mmol: in toluene) and non-radiolabeled BaP were obtained from Sigma-Aldrich. 3 H-DHA was obtained from Amersham Pharmacia Biotech, while analytical grade DHA was donated by CanSyn Chemicals, Toronto. Ten millilitres of HMW ROM Mill was contained within dialysis bags (1000 Da molecular weight cut-off) which were suspended in 150 mL of nanopure water inside glass jars to which a known quantity of radiolabeled BaP or DHA had been spiked. Sodium azide (0.005%) was added to these jars to prevent microbial activity, and the pH of solution was measured before and after the experiments. The concentrations of the radiolabeled pollutant inside and outside the bag were measured after equilibrium and the partition coefficient value (K p ) determined as follows:
Where C free is the concentration of free pollutant in solution, assumed to be equal to the concentration outside the dialysis bags (mol/mL); C bound is the concentration of pollutant bound to carbon in the high molecular weight compounds, assumed to be equal to the difference in concentration between the inside and outside of the dialysis bags (mol/mL); and DOC is the concentration of dissolved organic carbon (g C/mL) K P is the carbon-water partition coefficient with units of "mL/g C" (a ratio of mg pollutant/g carbon to mg pollutant/mL solution), since the binding due to the recalcitrant matter can be attributed to its carbon content. Binding studies were performed at different dissolved organic carbon concentrations of the recalcitrant portion.
Results and Discussion
Recalcitrant COD Distribution Between the HMW and LMW Portions
As an earlier part of this research, Tripathi and Allen (1999) investigated the COD removal in four lab-scale SBRs operating at 35, 45, 55 and 60°C. While there was no statistically significant difference in recalcitrant COD levels from the SBRs operating at 35 and 45°C, results from this study indicated significantly higher recalcitrant COD levels at thermophilic treatment temperatures of 55 and 60°C when compared to the reactors operating at 35 and 45°C. In lab-scale batch kinetic studies, Suchochleb and Tripathi (1997) identified higher recalcitrant levels at higher treatment temperatures. Lee et al. (1978) and Flippin and Eckenfelder (1994) reported similar results for kraft pulp mill effluent treated at 50°C. Other studies by Carter and Barry (1975) and Barr et al. (1996) have however found the COD removal efficiency to be as good or even better over a range of 41 to 50°C as compared to performance at 35°C.
In this study, the variation in recalcitrant COD levels between mesophilic and thermophilic treatment temperatures was further investigated by fractionating the recalcitrant portion into high molecular weight (HMW) and low molecular weight (LMW) fractions. Fig. 1 shows the distribution of recalcitrant COD among the high and low molecular weight fractions of the untreated, mesophilically treated and thermophilically treated effluents. In Fig. 1 and 2, LMW and HMW refer to the low and high molecular weight fractions of the biotreated effluent, while "Total", refers to unfractionated biotreated effluent. Each of these were analyzed separately and in some of the cases, the LMW and HMW values do not add up to the Total value due to experimental error and losses during fractionation and analysis.
Characterization of the treated effluents into high and low molecular weight fractions and subsequent COD measurements for these fractions indicated HMW removals to be poor and almost similar (47-54%), for treatment at both mesophilic and thermophilic temperatures (Fig. 1) . As a result, it can be assumed that the recalcitrant HMW COD levels remain constant for all treatment temperatures. The only observed difference between biotreatment performance at mesophilic and thermophilic temperatures appears to be due to the difference in removal of the LMW portion at different treatment temperatures (varying from 44% at 60°C to 72% at 35°C). There was a statistically significant difference between the removal of LMW organics at thermophilic temperatures (55 and 60°C) compared to mesophilic temperatures (35 and 45°C), with poorer removal at higher temperatures. Also, no statistically significant difference was observed between the level of HMW recalcitrant COD for the four different operating temperatures. Therefore, it can be concluded that the poor removal of LMW organics is mainly responsible for poor overall COD removals at higher temperatures. Also, the poor removal of HMW COD and its near-constant quantity in the effluents at all temperatures indicates that the recalcitrance of high molecular weight material is not dependent on temperature.
Temperature Effect on AOX Removal
AOX distribution between the HMW and LMW fractions is represented by Fig. 2 . The fractionation experiments were performed in duplicate and hence the results presented in Fig. 2 are the average values for two runs and are indicated without error bars. As can be seen from this figure, there seems to be no specific trend in AOX distribution between the HMW and LMW fractions for the effluents treated at different temperatures. The lack of enough replicates, and a high variability in AOX data prevent the reaching of any specific conclusions. This is especially the case at 45°C, where there is an unexplained increase in the HMW portion of the AOX as compared to the untreated effluent. Consistent with these results, a recent survey conducted by Brook (1997) for assessing the effects of various operating variables on AOX removal indicated no statistically significant effect of treatment temperatures (27-48°C) on AOX removal.
Biodegradation Studies
Based upon the hypothesis that the existing media was not the optimal microbiological media for degrading the recalcitrant fraction, biodegradation studies were conducted to observe the maximum possible biodegradation under optimized microbiological conditions, namely excess nutrients, an easily degradable carbon source, a supplementary carbon-nitrogen substrate and alternate temperatures.
Effect of interchanging thermophilic and mesophilic conditions on the recalcitrants
The effluents from reactors operating both at mesophilic (35°C) and thermophilic (45, 50 and 60°C) conditions had significant residual recalcitrant portions with the levels being higher for thermophilic effluents. This was possibly due to the poor treatability of LMW organics at higher temperatures. We also studied if further treatment of mesophilic effluent at thermophilic conditions, and thermophilic effluent at mesophilic conditions had any influence on the residual recalcitrant portion. These results are shown in Table 2 .
Surprisingly, the COD level increased slightly for 45°C treated effluent, which might be attributable to the formation of residual soluble products of microbial origin. The 60°C treated effluent exhibited an approximately 13% additional reduction in the residual COD level. The fractionation studies have indicated the possibility of poor treatability of the LMW organics at higher temperatures. The reduction in COD upon subsequent mesophilic treatment might be due to possible degradation of these LMW organics. For the other experiment, which involved the treatment of mesophilic effluent at 55°C, it was observed that the additional thermophilic treatment of mesophilic-treated effluent did not lead to any improvement in residual COD levels. This suggests that the effluent can be treated at thermophilic temperatures with significant cost savings incurred towards not having to cool the effluent. As the effluent cools during high temperature treatment, compounds recalcitrant during thermophilic treatment would be further degraded leading to similar performance levels as mesophilic treatment by itself.
Effect of the addition of an easily degradable substrate on biodegradability
The addition of an easily degradable substrate such as glucose has been reported in literature to enhance the biodegradation of difficult-to- degrade compounds. Hendriksen et al. (1991) have reported an increase in the degradation of PCP, tetrachlorophenol and trichlorophenol in labscale fixed film bioreactors, in the presence of glucose. Eriksson and Kirk (1985) reported the addition of glucose to facilitate the fungal breakdown of lignins. Moubayed and Gray (1993) , employing a biofilm reactor, observed that the addition of an easily degradable substrate (glucose) enhanced the removal of AOX by almost 13%. They suggested that the addition of a readily available carbon source provided the necessary energy to drive biodegradation further after the treatment system had reached recalcitrant endpoints. Figure 3a shows the effect of the addition of an easily degradable carbon source (glucose) on COD removal kinetics for ROM Lab . Most of the glucose was consumed within 12 hours of the experiment and by this time, the COD levels equalled the biological control without any added glucose. The effluent COD levels reached constant values by 24 hours. The biological control (effluent and biomass) and the experimental reactor (effluent with biomass and glucose) exhibited similar trends for residual COD levels. The increase in COD between 12 and 24 hours might possibly be due to the onset of endogenous decay due to the biomass being unable to degrade the recalcitrant portion. Endogenous decay seems to set in much earlier for the biological control. The non-biological control (effluent only) remained recalcitrant with time, showing no further physical-chemical degradation. It therefore appears that the addition of a readily degradable carbon source does not enhance the degradation of the recalcitrant portion. Figure 3b shows the results of a similar experiment, where nutrients (N, P and micronutrients) were supplemented in excess to ROM Lab , along with glucose so as to study if there existed a nutrient-limited situation preventing the biodegradation of recalcitrants. The final recalcitrant level with the addition of supplementary glucose is the same, irrespective of the addition of nutrients. The variability of experimental data between triplicate batch studies is indicated by error bars, which represent the standard deviation of COD values. It was also decided to study if the nutrients (N, P and micronutrients) by themselves had any effect on the Fig. 3a . Effect of glucose addition on the recalcitrant portion.
further biodegradation of ROM Lab , in the absence of a supplementary carbon source. As shown in Fig. 4 , the addition of excess nutrients, in the absence of an alternate carbon supplement, does not lead to any reduction in ROM Lab . The biological controls and the experimental flasks with added nutrients indicate endogenous decay. This indicates that the recalcitrance in biotreated effluent portion is not nutrient limited. Studies by Bullock et al. (1996) have further demonstrated the HMW organic portion in bleached kraft mill effluent to be rich in nitrogen.
Effect of the addition of a supplementary C-N substrate on biodegradability Yeast extract, as an alternate C-N source was studied for its effect on the further biodegradability of ROM Lab . The addition of yeast extract increased the COD of the effluent with the initial degradation taking Fig. 4 . Effect of nutrient addition on the recalcitrant portion. almost 24 hours as opposed to the 12 hours observed in the case of glucose (Fig. 5) . This might be indicative of the yeast extract not being readily taken up by the biomass. In addition, the high residual COD might suggest that a portion of the yeast extract is not taken up by the biomass at all, even upon continued biotreatment. Hence it is concluded that the addition of an easily available C-N source does not aid further biodegradation of the recalcitrant portion.
Determination of soluble COD of microbial origin
Our results indicate that the recalcitrant organic matter in biotreated effluent comprises a fraction that is of microbial origin. Results from aforementioned studies on ROM Lab , especially the ones with glucose as an alternate substrate, seemed to indicate a subsequent increase in the residual COD levels, once the maximum removal had been initially achieved. This might be due to the generation of microbial products released during metabolism and endogenous decay. Hence, batch experiments were carried out in the absence of pulp mill effluent, using dilution water (water with nutrients and mineral salts) as the medium and glucose as the carbon source. Since glucose is fully degradable, residual COD from such an experiment would indicate the residual COD, which would primarily be of microbial origin (both metabolism and endogenous decay). Similar quantities of biomass and glucose substrate were employed, as in the previous experiments. Fig. 6 shows the results of such a study, with the batch experiments conducted in duplicate. The biological control and non-biological control plots from Fig. 3b are included in Fig. 6 , so as to enable comparison of relative COD values.
There is a residual COD of approximately 60 mg/L for glucose studies in the absence of the recalcitrant portion, which could be attributable to soluble microbial products (Fig. 6 ). An interesting aspect of this figure is in the relative values of the non-biological and biological controls inter- spersed from Fig. 3b , with respect to the generation of microbial products in the presence of ROM Lab . As shown in the figure, the final COD for the biological control is equal to the sum of the final COD for the residual microbial products (i.e. glucose) and the final COD for the non-biological control. In other words, the subsequent increase in COD values, after the initial decrease, can be attributed to the release of soluble microbial products of endogenous decay.
Biomass concentrations which were measured during the course of this study are tabulated in Table 3 . There was an initial increase in biomass indicating the generation of new biomass resulting from glucose consumption. Once the glucose had been completely consumed, which was around 24 hours, there was a gradual continued decrease in the biomass levels owing to possible endogenous decay. However, upon prolonging the study, an increase in the biomass concentration was observed at almost 60 hours. Binding Studies
Microtox™ toxicity tests
The Mill-generated HMW recalcitrant portion (HMW ROM Mill ) was tested for its toxicity and it was observed that the EC50 value of HMW ROMMill at a concentration of 165 mg C/L was more than 100%, thereby indicating its non-toxic nature. At a concentration of 825 mg C/L, the variability of the EC50 values was high, and therefore HMW ROMMill was tested for its effect on binding at a DOC concentration of 165 mg C/L. Table 4 summarizes the results of the toxicity tests performed on the analyzer for PCP and BaP.
PCP was tested for toxicity after shaking for 4 hours with HMW ROM Mill . Fifty milligrams per litre PCP was used for the initial tests, since its toxicity is high, and binding would be revealed in terms of decreased toxicity. Addition of HMW ROMMill to 50 mg/L PCP caused no statistically significant change in PCP toxicity at the 95% confidence level. Serial dilutions of the PCP concentrate were carried out and the toxicity tests repeated at concentrations of 25, 5 and 2 mg/L.
As can be seen from the tabulated results, the EC 50 values for 25, 5 and 2 mg/L PCP concentrations were approximately of the order of 0.5 mg/L, and addition of HMW ROM Mill did not lead to any statistically significant decrease in toxicity, contrary to expectations. PCP studies failed to demonstrate any conclusive binding onto HMW ROM Mill in terms of reduced bioavailability. It is presumed that the degree of PCP (Table 4) . While high pollutant concentrations were used in these studies, this was due to the limitation of the testing protocol, which required pollutant concentrations in the range of the EC 50 values for the pollutant. Benzo[a]pyrene has been demonstrated by other researchers to be able to bind significantly to dissolved organic matter in the aqueous phase. The inability of this technique to demonstrate binding for even a hydrophobic pollutant like BaP, indicated that binding levels were very low in comparison to the pollutant concentrations being employed so as to be able to reveal any statistically significant changes in toxicity.
Equilibrium Dialysis Studies
Binding studies for benzo[a]pyrene Results obtained from binding studies for benzo [a] pyrene (BaP) onto HMW ROM Mill (Fig. 7) demonstrate the ability of HMW ROM Mill to bind the model hydrophobic pollutant. Also, it is observed that the partition coefficient value decreases with an increase in the DOC concentration of HMW ROM Mill . Both the partition coefficient values and the observed trend with different HMW ROMMill concentrations, agree well with previous studies for benzo [a] pyrene with humic substances (Kukkonen 1992) .
Binding studies for dehydroabietic acid Dehydroabietic acid (DHA), a model pulp mill effluent constituent, was then tested for its ability to bind onto HMW ROM Mill . Figure 8 represents the results for equilibrium dialysis studies conducted with DHA, at varying HMW ROM Mill concentrations. The partition coefficient values for DHA were lower than those for BaP by a factor of 10. Since the OctanolWater partition coefficient value (K OW ) for BaP (6.0) is greater than that for DHA (4.8), these results suggest that pollutants with higher hydrophobicity bind onto HMW ROM Mill to a greater extent. Also, it was observed that an increase in the concentration of HMW ROM Mill caused a decrease in the DHA partition coefficient values, similar to the study with BaP. The values plotted in Fig. 7 and 8 can be expressed as a percentage of the dissolved pollutant that is bound onto HMW ROM Mill . These values are presented in Table 5 and indicate that as much as 40% of the dehydroabietic acid is bound to HMW ROM Mill at a dissolved organic carbon concentration of 165 mg C/L which is typical of the biotreated effluent used in this study.
Conclusions
• The increased recalcitrant organic level during biotreatment of mill effluent at higher temperatures can be attributable to the reduced treatability of low molecular weight organic matter at higher temperatures. The high molecular weight organics in pulp mill effluent are more recalcitrant to biotreatment and the level of high molecular weight recalcitrance remains the same at all temperatures. • Higher recalcitrant organic levels during high temperature biological treatment can be reduced by further treatment at mesophilic temperature. • The high molecular weight recalcitrant portion in biotreated pulp mill effluents was resistant to biodegradation, under the timeframes of normal biotreatment systems, even under optimized microbiological conditions of providing an additional carbon source, excess nutrients or an alternate carbon-nitrogen substrate.
• Microtox™ test was not suitable for demonstrating binding, since the level of binding did not cause a significant change in toxicity.
• The high molecular weight recalcitrant organic portion binds other pollutants, particularly hydrophobic chemicals in the effluent. Benzo[a]pyrene binds to a greater extent than dehydroabietic acid, thereby suggesting that the degree of binding varies with the hydrophobicity of the pollutant.
• Increasing the concentration of the high molecular weight recalcitrant organic matter caused a decrease in the carbon-water partition coefficient values.
